We investigate theoretically and compare optical properties of wurtzite and zinc-blende GaN/AlN quantum dots with heights from 1.5 to 4.5 nm. The quantum dot size corresponds to the strong quantum confinement regime. It has been established that the built-in piezoelectric field at the GaN/AlN interface governs optical properties of wurtzite quantum dots while having a small effect on zinc-blende quantum dots. The strain field strongly modifies the excitonic states in both wurtzite and zinc-blende GaN/AlN quantum dots. It has been shown that the radiative lifetime dependence on the quantum dot height is very different in the zinc-blende and wurtzite quantum dots. The excitonic optical properties of GaN/AlN quantum dots calculated using our model are in good agreement with available experimental data. Reported theoretical results for the optical spectra of GaN/AlN quantum dots can be used for interpretation of experimental data and optimization of the quantum dot structures for optoelectronic applications.
I. INTRODUCTION
Reports of fabrication of GaN/AlN quantum dots ͑QDs͒ 1-3 have attracted significant attention due to the fact that GaN-based nanostructures are considered to be promising candidates for electronic, optical, and optoelectronic applications. Further progress in GaN technology has led to an increasing number of publications on fabrication [2] [3] [4] and characterization 5, 6 of wurtzite ͑WZ͒ as well as zinc-blende ͑ZB͒ GaN/AlN QDs. Despite the large number of reports on fabrication and experimental optical characterization of WZ and ZB GaN/AlN QDs, there have been a small number of theoretical studies of optical properties of GaN/AlN QDs. 7, 8 The lack of accurate theoretical models and calculations makes it difficult to interpret experimental data and find the optimum QD structure parameters for the proposed applications. A particularly important problem, which has not been addressed in sufficient detail, is the physics of GaN/AlN interface and the role of the strain fields and piezoelectric built-in field at the interface in the optical response of GaN/ AlN QDs.
In this article, we theoretically investigate the dependence of the excitonic optical properties of WZ and ZB GaN/AlN QDs, focusing on their QD size dependence. The similarities and distinctions between the two types of GaN/AlN QDs with different crystal structures and geometries are discussed. The obtained theoretical results are then compared with available experimental data.
II. THEORETICAL MODEL
In order to calculate exciton states in WZ and ZB GaN/ AlN QDs we use the theoretical model and calculation procedures described in Ref. 7. The model allows us to take into account the strain and piezoelectric fields at the interface between GaN QD and AlN barrier materials. It also explicitly includes degeneracy and anisotropy of conduction and valence bands. In this section, we briefly describe the theoretical model extended to calculate exciton states, oscillator strengths, and radiative lifetimes in GaN/AlN QDs.
Since the strain tensor i j (r) is symmetric, it can be presented in the following form: 
͑1͒
The six components of the strain tensor ͑1͒ are not independent and can be expressed through the three components of the displacement vector u͑r͒ as follows:
In Eq. ͑2͒, a(r) and c(r) are the lattice constants of GaN when r is inside the QD and the lattice constants of AlN ͑denoted as a 0 and c 0 ) when r is outside the QD. Note that c(r)ϭa(r) and c 0 ϭa 0 for ZB GaN/AlN QDs. The strain tensor ͑1͒ is found by minimizing the elastic energy
with respect to u͑r͒. In Eq. ͑3͒ V is the volume of the system and C kn (r) is the tensor of elastic moduli of GaN when r is a͒ Electronic mail: vladimir@ee.ucr.edu b͒ Electronic mail: alexb@ee.ucr.edu inside the QD and the tensor of elastic moduli of AlN when r is outside the QD. For WZ and ZB GaN/AlN QDs, the tensors of elastic moduli are given as
The strain in the system induces polarization P strain , which is proportional to the strain tensor
In Eq. ͑4͒, e ik (r) is the piezoelectric tensor of GaN when r is inside the QD and the piezoelectric tensor of AlN when r is outside the QD. For WZ and ZB GaN/AlN QDs, the piezoelectric tensors are given as 
In Eq. ͑5͒, P sp (r) is the spontaneous polarization of WZ GaN when r is inside the QD and the spontaneous polarization of WZ AlN when r is outside the QD. The total polarization,
leads to the appearance of an electrostatic piezoelectric potential V p (r), which is found by solving the following Maxwell equation:
In Eq. ͑7͒, stat (r) is the dielectric tensor of GaN when r is inside the QD and the dielectric tensor of AlN when r is outside the QD. For WZ and ZB GaN/AlN QDs, the dielectric tensors are given as
All material parameters used in the calculation of the strain tensor and of the piezoelectric potential are listed in Table I . Electron states are found as the eigenstates of the oneband envelope-function equation
where Ĥ e , ⌿ e , and E e are the electron Hamiltonian, electron envelope wave function, and electron energy, respectively. The electron Hamiltonian Ĥ e can be written as where Ĥ S and H e () are the kinetic and strain-dependent parts of the electron Hamiltonian, correspondingly, E c is the energy of unstrained conduction band edge, e is the absolute value of electron charge, and V p is the piezoelectric potential.
Hole states are found as the eigenstates of the six-band envelope-function equation
where Ĥ h is the 6ϫ6 matrix of the hole Hamiltonian, ⌿ h is the six-component column of the hole envelope wave function, and E h is the hole energy. The hole Hamiltonian Ĥ h can be written as
where Ĥ XY Z is a 3ϫ3 matrix of the kinetic part of the hole Hamiltonian ͑including the crystal-field splitting energy for WZ QDs͒, H h () is a 3ϫ3 matrix of the strain-dependent part of the hole Hamiltonian, E v is the energy of the unstrained valence band edge, and H so is the Hamiltonian of spin-orbit interaction.
It will be seen in the next section that the radius of the region of electron and hole localizations in the considered GaN/AlN QDs is less than the exciton Bohr radius of bulk GaN ͑ϳ2 nm͒. Therefore, we can use the strong confinement approximation and calculate the exciton wave function as a product of electron and hole wave functions. Within this approximation, the exciton energy E exc can be calculated considering the Coulomb potential energy U(r e ,r h ) of the electron-hole system as a perturbation
where V is the total volume of the system.
The oscillator strength f of the transition corresponding to the exciton state with energy E exc and envelope wave function ⌿ e (r e )⌿ h (r h ) can be calculated as
where E P is the Kane energy and ␣ denotes the component of the hole wave function, which is active for a given polarization e of incoming light. The oscillator strength f defines the radiative lifetime written as
where 0 , m 0 , c, and ប are fundamental physical constants and n is the refractive index.
III. RESULTS AND DISCUSSION
Using the theory presented in the previous section one can calculate the optical spectra of WZ and ZB GaN/AlN QDs as a function of QD size. WZ ͑ZB͒ GaN/AlN QDs are modeled as a truncated hexagonal ͑square͒ pyramid on a wetting layer. The geometry of a WZ GaN/AlN QD with height H is described by the thickness of the wetting layer wϭ0.5 nm, QD bottom diameter D B ϭ5(HϪw), and QD top diameter D T ϭHϪw. 2, 3 The corresponding dimensions for a ZB GaN/ AlN QD with the same height can be described with w ϭ0.5 nm, QD bottom base length D B ϭ10(HϪw), and QD top base length D T ϭ8.6(HϪw). 4, 5 Material parameters used in our calculations have been taken from Ref. 7 . The piezoelectric potential is neglected in the calculation of optical properties of ZB GaN/AlN QDs, because the maxima of the piezoelectric potential lie outside the ZB GaN/AlN QD and the magnitude of the piezoelectric potential is ten times less than it is in WZ GaN/AlN QDs. 7 In the following, we choose the coordinate system in such a way that the z-axis is directed along the growth direction, which is parallel to the c-axis for WZ QDs, and the x-axis is perpendicular to a QD edge lying on the wetting layer. Figure 1͑a͒ shows the results of our calculation of the exciton ground state energy levels while Fig. 1͑b͒ shows the corresponding radiative lifetimes as a function of QD height for WZ and ZB GaN/AlN QDs. One can see from Fig. 1 that our calculations are in excellent agreement with the experimental data of Refs. 3, 5, and 6. As follows from the results for WZ GaN/AlN QDs higher than 3 nm, the exciton ground state energy drops below the bulk WZ GaN energy gap. Such a huge redshift of the exciton ground state energy with re- spect to the bulk WZ GaN energy gap is attributed to the strong piezoelectric field in WZ GaN/AlN QDs. Figure 1͑b͒ shows that the radiative lifetime of the redshifted transitions in WZ GaN/AlN QDs (HϾ3 nm) is large and increases almost exponentially from 6.6 ns for QDs with height 3 nm to 1100 ns for QDs with height 4.5 nm. Analyzing Eqs. ͑13͒ and ͑14͒ one can conclude that the rapid increase of the radiative lifetime is caused by the rapid decrease of the electron-hole overlap with increasing QD height. The radiative lifetime in ZB GaN/AlN QDs is found to be on the order of 0.3 ns and almost independent of QD height.
The piezoelectric potential in a WZ GaN/AlN QD tilts conduction and valence band edges along the z-axis in such a way that it becomes energetically favorable for the electron to be located near the QD top and for the hole to be located in the wetting layer. Indeed, it is seen in Fig. 2 that the electron in WZ GaN/AlN QDs is pushed to the QD top, while the hole is localized in the wetting layer, near to the QD bottom. The deformation potential in both WZ and ZB GaN/AlN QDs bends the valence band edge in the xy-plane in such a way that it creates a paraboliclike potential well that tends to expel the hole from the QD side edges. Indeed, Figs. 2 and 3 show that the hole is expelled from the QD side edges.
Analyzing Figs. 2 and 3 , one can notice two interesting effects. First, the increase of the QD size by a factor of two leads to a much smaller increase of the effective volume occupied by the electrons and holes. Second, for the depicted electron ground state and two first optically active hole states ͑for the incoming light polarized along the x-axis͒, the inplane distribution of charge carriers in the ZB GaN/AlN QD resembles that in the WZ GaN/AlN QD if the coordinate system is rotated around the z-axis by /4. Both phenomena can be explained by the effect of the strain field. Figure 4 shows the results of the calculation of exciton energy levels and oscillator strengths corresponding to the first four optically active exciton states in WZ GaN/AlN QDs. The two states shown by solid ͑dashed͒ lines are active when the incoming light is polarized along the x-axis ͑y-axis͒. The exciton energy and oscillator strength in WZ GaN/ AlN QDs depend on the in-plane polarization of the incoming light, because of the lack of the QD symmetry with the interchange of x and y coordinates. If the incoming light is randomly polarized in the x-y plane, each of the first two peaks in the absorption spectrum splits into a pair of two very close peaks. The distance between the two sets of peaks decreases from about 60 meV to about 40 meV with increasing the QD height from 1.5 to 4.5 nm. Such a relatively small decrease of the energy difference can be explained by the above-mentioned fact that the effective volume occupied by electrons and holes increases only slightly with increasing the QD size. Figure 4͑b͒ shows that the amplitude of the second set of absorption peaks is about ten times smaller than it is for the first set of absorption peaks and it slightly increases with increasing the QD size. Figure 5 shows the calculated exciton energy levels and oscillator strengths corresponding to the first two optically active exciton states in ZB GaN/AlN QDs. Each of the two states shown in Fig. 5 is two-fold degenerate due to the QD symmetry with the interchange of x and y coordinates. The distance between the first two peaks in the absorption spectrum decreases from about 15 meV to about 10 meV with increasing the QD height from 1.5 to 4.5 nm. Similarly to WZ GaN/AlN QDs, such a relatively small decrease of the energy difference can be explained by the fact that the effective volume occupied by electrons and holes increases only slightly with increasing the QD size. However, because the lateral size of ZB QDs is about two times the lateral size of WZ QDs, the energy difference between the first two absorption peaks in ZB QDs is about four times smaller than it is in the WZ QDs. Figure 5͑b͒ shows that unlike WZ GaN/AlN QDs, the amplitude of the second absorption peak in ZB GaN/AlN QDs is comparable with the amplitude of the first absorption peak and it changes non-monotonically with increasing QD size.
IV. CONCLUSIONS
We have carried out the theoretical calculation and comparison of optical properties of WZ and ZB GaN/AlN QDs with heights from 1.5 to 4.5 nm. It has been established that the built-in piezoelectric field at the GaN/AlN interface governs optical properties of WZ QDs while having a small effect on ZB QDs. The major difference in optical response of the two types of QDs is that the radiative lifetime in WZ GaN/AlN QDs increases exponentially with QD height, whereas it is almost constant in ZB GaN/AlN QDs. Calculated properties of the exciton ground states in both types of QDs are in good agreement with available experimental data for all considered QD sizes. The ratio of the second peak to the first peak in the absorption spectrum is close to 0.1 for WZ QDs and close to 1 for ZB QDs. Reported theoretical results for the optical spectra of GaN/AlN QDs can be used for interpretation of experimental data and optimization of the QD structures for optoelectronic applications.
